Grow th horm one (OH) appears to affect the timin g of puberty in childre n. Th e effects of OH on puberty may be related to direc t OH actio n on ovaria n function or may be mediated by IOF-I. T o determ ine the likelihood that OH has direct effects on ova rian function , we compared the ability of OH and IOF-I to increase luteinized granulosa cell steroidogenes is in the absence and presence of go nado tropins. Ce lls we re obtained from women und ergoing in vitro ferti lization fo r tuba l disorders or male factor infer tility and we re placed in sta tic culture. OH alone failed to alte r progesterone or est radio l acc umulation in the mediu m of cul tured luteinized granulosa cells. IOF-1 produce d no increase in progesteron e accumulation but increased estradiol acc um ulatio n 5.6 -fo ld compared with cells treated with veh icle. Th e co mbina-GH is thought to playa role in the timing of the onset of puberty. GH-deficient children have delayed adolescent development, and the timing of their puberty can be accelerated by administration of exogenous GH (1) . Exogenous GH has also bee n found to augment the ability of administered FSH to induce follicular developm ent in women with hypopituitarism and in women undergoing in vitro fertilization procedures (2) (3) (4) (5) . The ability of GH to augment gonadotropin action in the ovary may be related to an increase in IGF-I which is produced in response to exoge nous GH (6) . IGF-I has been shown to augment gonadotropin stimulation of steroidogenesis in human gran ulosa cells (7) . GH, however, may be able to stimulate ovaria n development or steroidogenesis directly, because GH receptors have been demonstrated in the human ovary (8) , and, in animal studies, GH treatment increases steroidogenesis and gonadotropin receptor development (9, 10) .
lion of OH and FSH produ ced an O.83 -fold increase in estrad iol accumulation, whereas the co mbi natio n of IOF-I and FSH resulted in a 2.9-fold increase in es tradio l acc umulatio n above FSH alone. Thus the dir ect effects of OH on granulosa cell steroid synthes is are mod est com pared with those of IOF-I. If OH has an effect on ova rian developm en t at puberty, it is likely to be medi ated by a OH-in duced increase in ci rculating IOF-1. tPediatr Res 38: 763-767, 1995) Abbreviations G H , growth horm one IGFBP-3, insul in-like growth factor bind ing prot ein -3
To better understand how GH may affect ovarian development, we compared the ability of GH and IGF-I to increase steroidogenesis in luteiniz ed human granulosa cells obtained from women undergoing in vitro fertilization procedures. We tested the hypothesis that GH, like IGF-I, would direc tly stimulate estradiol and progesterone production in luteinized gran ulosa cells maintained in static culture.
METHODS

Subjects.
Luteinized ovarian granulosa cells were obtained during oocyt e retrieval from women undergoing in vitro fertilization procedures for either tubal disorder s or male factor inferti lity. Oral consent for use of the cells was obtained from each woman, and the consent procedure and protocols were approved by the Institutional Review Board of the University of Michigan. All received treatment with a gonadotropinreleasing hormon e agonist for suppression of endogeno us gonadotropins, human menopausal gonadotropins, and human chorionic gonadotropin administered 35 h befor e oocyte retrieval.
Materials. Medium preparations, antibiotics, L-glutamine, and FCS were purchased from eithe r Irvine (Santa Ana, CA) or A bsence of GH effect on progesterone production. Cells incubated for 24 or 48 h in medium containing 10% FCS, 24 h of serum-free medium, and 24 h with 0.1 to 1000 ng/mL LH exhibited a maximum dose response of 100 ng/ml, (data not shown). Subsequent experiments were condu cted with 100 ng/ml, LH. The time course of incub ation required to maximize progesteron e release into the medium was determined by preincub ating luteinized granulosa cells for 24 -120 h in Ham 's F-lO medium containing 10% FCS followed by an additional 24 h in serum-fre e Ham's F-I0 medium containing 0.1 % BSA and 0.5 fLM cholesterol. Cells were then treated for 24 h with vehicle, 100 ng/ml, LH, 500 fLglL GH, or a combin ation of LH and GH. After 24 h, the medium was removed and assayed for progesterone. The results of one representati ve experiment are shown in Figur e 1. After 48 h of preincubati on in medium containing serum, the LH-stimulated progesterone accumulation in the medium was significantl y greater than that seen in cells treated with vehicle. In the experiment shown in Figure 1 , 500 fLglL GH did not stimulate progesterone accumulation above control values either alone or in the presence of LH, at any time point. In a series of experiments, cells were incub ated for 24-120 h in medium containing serum followed by a 24-h incubation in serum -free medium containing 0.1% BSA and 0.5 fLM cholesterol. The cells were treated with GH in concentrations ranging from 0.1 to 1000 fLglL for an additional 24, 48, or 72 h. In no case did GH increase proge sterone synthes is above that seen in cells treated with a control vehicle. A typical experiment demonstrating the lack of a GH dose respons e on 24 48 72 96 120
Preincubation Time (ho urs) Figure 1 . Effect of time in culture on response to GH and LH stimulation of progesterone production. Cells were maintained in culture with Ham 's F-lO medium containing 10% FCS for the indicated times. The medium was replaced with serum-free medium for 24 h and then replaced with medium containing a control vehicle, 500 J.!g/L GH, 100 ng/mL LH, or a combination of 500 J.!g/L GH and 100 ng/mL LH. After 24 h of hormone exposure, the medium was removed and the progesterone content determ ined. progesterone accumulation is shown in Figure 2 . In the experiment show n, 200,000 cells/well were preincubated for 48 h with Ham 's F-10 medium containing 10% FCS. After a 24-h incubation in serum-free medium, hormones were added for an additional 24 h. Also shown in Figure 2 are the effects of 100 ng/mL IGF-I on progesterone accumulation with and without GH. IGF-I alone did not increa se progesterone accumulation. GH and IGF-I in combination were no more effective than either hormone alone. LH, 100 ng/mL , stimulated progesterone accumulation, and its effect was not augmented by GH. IGF-I has been tested in conce ntrations ranging from 0.5 to 500 ng/mL without evidence of consistent stimulation of progesterone accumulation (data not shown). The combin ation of 50 or 500 fLg/L GH with submaximal stimul atory concentrations of LH (0.1-10 ng/mL) also failed to further augment LH stimul ation of progesterone accumulation (data not shown).
GH effects on estradiol production. The medium of cells treated with Ham 's F-lO medium and 0.5 fLM cholesterol in cells subjec ted to conditions described above failed to demonstrate measurable estradiol. Medium 199, Ham ' s F-lO mediu m containing 2.5 fLM androstenedione, and McCo y's medium also either failed to improve the ability to measure estrad iol or lacked evidence of gonad otropin stimulation of estradiol accumulation (data not shown). Therefore, cells were incubated using a modification of the Sertoli cell medium described by Padmanabhan et al. (11) , where insulin was omitted from the medium formu lation to allow detection of IGF-I effects. Cells were maintained in Sertoli cell medium containing 10% FCS for up to 8 d. Before addition of hormones, medi um was replaced with serum-free Sertoli cell medium for 24 h. The serum-free medium was replaced with Serto li cell medium containing vehicle or 10 ng/mL FSI-I, and after an additional 24 h the medium was removed and assayed for estradiol. Stimulation of estradiol accumul ation by FSI-I was seen for cells maintained for up to 5 d in medium containing serum. After 6 d with serum, or 8 d of total cultur e, there was no longer FSH stimulation of estradiol accumulation compared with cells treated with vehicle (data not shown). Additionally, the maximum sensitivity of the cells to FSI-I was determined by incubation with FSI-I at concentrations of 0.01 to 100 ng/mL The peak estradiol accum ulation occurred between 10 and 100 ng/mL FSH (data not shown). Subsequent experiments were performed with 10 ng/mL FSH. Addition of GH at concentrations of 0.1-1000 fLg/L did not increase estradiol accumulation in the medium under any condition of incubat ion (data not shown).
To determine whether GI-I or FSH might maintain the ability of cells to produce estradiol, cells were first incubated for 24 h in Ham 's F-10 mediu m containing 10% FCS and then placed in serum -free Sertoli cell medium containing a control vehicle, 500 fLg/L GH, 100 ng/mL LI-I, 10 ng/mL FSH, or combinations of GI-I and LH or FSH. The medium was then removed daily and replace d by fresh Sertoli cell medium containing the same hormones for up to 120 h. Estradiol was measured in the medium collected each day. As shown in Figure 3 , estradiol was readily detected in the medium after the first 24 h of incubation in Sertoli cell serum-free medium . However, the stimulation of estradiol accumulation in the medium by 100 ng/mL LH or 10 ng/mL FSH was not statistically significant presumably because of the lingering effects of FCS constituents present in the preceding 24 h. The medium content of estradiol declined significantly between 24 and 48 h and was virtually unmeasureable at 96 h for cells treated with control vehicle or 500 fLg/L GH. Addition of LH to the medium maintained the estradiol content in the medium at greater concentrations than occurred in the absence of LH, but the combination of LH and GH was no more effective than LH alone. FSH also maintained greater concentrations of estradiol in the medium at 48 and at 72 h compared with control values. Cells treated with a combination of GH and FSH averaged 83% more estradiol in the medium than did cells treated with FSH alone. This finding has been replicated in two additional experiments, but when basal estradiol concentrations have been 2-3-fold greater than in the experiment shown in Figure 3 , the augmentation of estradiol accumulation in the medium by the combination of GH and FSH compared with FSH alone was first seen at 72 h rather than at 48 h (data not shown). In one experiment, there was no augmentation of the combination of GH and FSH. In no experiment has there been significant stimulation or suppression of estradiol accumulation by GH alone at any concentration (from 0.1 to 1000 fLg/L). The ability of IGF-I to stimulate the accumulation of estradiol in the medium of luteinized granulosa cells was also determined. Cells were incubated after 24 h in Ham's F-lO medium containing 10% FCS. The medium was replaced with Sertoli cell medium containing 500 fLg/L GH or 10 ng/mL FSH with or without 100 ng/mL IGF-I. Medium was removed daily and replaced with fresh medium and hormones. After 24 h of incubation there was no difference in estradiol concentration in the cells with any hormone treatment (data not shown). In contrast to the results seen with GH, at 48 h IGF-I produced a 5.6-fold of estradiol accumulation in the medium compared with untreated cells (Fig. 4) . The combination of IGF-I and FSH produced a 2.9-fold increase in estradiol accumulation compared with FSH alone. IGF-I and GH in combination were no more effective than IGF-I alone (Fig. 4 ).
DISCUSSION
The mechanisms by which GH produces its action in target tissues are incompletely understood. The growth-promoting actions of GH appear to be produced via stimulation of production of IGF-I either locally or in peripheral tissues such as liver with subsequent circulation to target sites (13, 14) . The metabolic actions of GH are opposite to those of IGF-I and are likely to be produced independently of IGF-I (15). The mechanisms by which GH produces cell differentiation, as in 3T3-F442A cells, are not known, but probably involve the regulation of early transcription factors (16) . Thus GH effects in granulosa cells potentially could be produced by an independent effect of GH on cell transcription or may be produced by increasing plasma or local concentrations of IGF-I which then increase steroidogenesis and augment gonadotropin action. In animal studies, GH appears to produce an increase in steroidogenesis and cell differentiation in granulosa cells (9, 10, 17, 18) . However, many of the species studied have local intra-ovarian systems which produce IGF-I as has been demonstrated in rabbit and rat models (7, 19) . It has been shown recently that, unlike in animals, human granulosa cells do not express mRNA for IGF-I (20) . Therefore, if GH produces direct effects in human granulosa cells, the effects are likely to be governed by direct actions of GH rather than via an IGF-I intermediary.
The results of the present experiments indicate that GH, alone, does not increase estradiol or progesterone synthesis in luteinized granulosa cells. IGF-I, in contrast, produces a brisk increase in estradiol production, as others have found (7) . The increase in estradiol production is likely to occur in response to induction of aromatase as described by Christman et at. (21) .
Our results contrast with those of Barreca et al. (22) , who have suggested that GH alone can augment granulosa cell estradiol production. The cells used in that report were from women undergoing similar in vitro fertilization procedures as in our report, but the luteinized granulosa cells were not subjected to Ficoll separation. Because the GH effects on estradiol production observed in the study of Barreca et at. could be abolished by antibodies that prevent IGF-I receptor interaction, it is possible that our Ficoll separation step removed cells that made locally available IGF-I in the ovary. IGF-I production in response to GH administration in these cells could have increased the estradiol production observed in the study of Barreca et at. This is particularly likely in view of the observation that human granulosa cells do not express mRNA for IGF-I (20) .
In our study and in the study by Carlsson et at. (8) , the combination of GH and FSH increases estradiol production more than does FSH alone. Even though the results observed in our study were inconsistent, the combination of our data with other reports suggests that GH could play a modest role in enhancing FSH action in granulosa cells. The GH effect has been modest and seen in only carefully controlled conditions compared with the robust estradiol response to IGF-I. Thus, it seems likely that, in vivo, GH produces its effects on ovarian granulosa cell steroidogenesis indirectly by increasing circulating IGF-I. Alternatively, GH might increase local IGF-I production from cells in the ovary other than granulosa cells.
There are suggestions that granulosa cells from follicles obtained during surgical oophorectomy or during natural cycle oocyte retrieval may be more responsive to GH than are cells obtained from women undergoing exogenous gonadotropin administration (8, 23) . This seems unlikely in that the cells retrieved in our study exhibit similar magnitude of GH response with FSH as seen in other studies. It is also possible that prepub ertal ovarian cells might respond to GH with more differentiation than can be observed in the relatively more differentiated cells obtained during in vitro fertilizat ion. Although this possibility cannot be excluded, we have not observed a GH-induced increase in gonadotropin sensitivity, when we have had the opportunity to examine cells from prepubertal girls (our unpublished observations).
Our studies have concentrated on GH and IGF-I effects on ovarian steroidogenesis. GH may have other effects on ovarian cells. Fore example, GH may increase IGFBP-3 concentrations either through local or systemic effects. IGFBP-3 production in the circulation is controlled in large part, by GH (24) . IGFBP-3 has anti-gonadotropin-like activities and may thereby have a role in control of ovarian steroidogenesis (25) .
Our studies indicate that IGF-I alone can stimulate estradiol produ ction by human luteinized granulosa cells whereas GH alone is ineffective. The combin ation of IGF-I and FSH is much more effective in stimulation of estradiol production than is the combination of GH and FSH. It therefore seems likely that the predominant mechanism by which GH augments gonadotropin action in the human ovary is by peripheral expression of IGF-I in such tissues as liver followed by circulatory transfer of IGF-I to the ovary where it subsequently augments gonadotropin action. We speculate that the role that GH plays in augmenting pubertal development is mediated by IGF-I action rather than by direct effects of GH at the level of the human ovary.
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